Abstract. For understanding the nature of the variable thrombogenicity of bare Nitinol surfaces, a systematic study of electrochemical parameters was performed on disc and wire samples using cyclic potential polarization, open circuit potential and polarization resistance. The surfaces treated using chemical solutions showed consistent corrosion behavior, but mechanically polished and heat treated samples were prone to pitting. The polarization resistance of bare Nitinol surfaces varied in a range from 100 K cm 2 to 10 M cm 2 , and the open circuit potentials from -440 mV to -55 mV implying the variability in corrosion rate and surface reactivity. Ni surface concentrations and ion release are discussed in terms of surface charge in connection with fibrinogen adsorption and platelet activation.
Introduction
Nitinol, a group of nearly equiatomic shape memory and superelastic alloys, is an established biomaterial, whose biocompatibility is heavily grounded on the inertness of Ti based oxides that usually dominate the surface exterior [1, 2] . At present, there are a number of bare Nitinol surfaces that may be considered for implantation. These are mechanically polished, electropolished, chemically etched, passivated boiling in water or using heat treatments and anodized [3] . It is not clear, however, what common parameter can be used to compare these surfaces that are varying significantly in their chemistry, topography and corrosion resistance. The present study is not focusing merely on corrosion. The electrochemical surface parameters were explored systematically in order to reveal regularities in the behavior of native Nitinol surfaces for a better understanding of biological response. The surfaces resulting from our previous studies were evaluated using cyclic potential polarization, open circuit potential (OCP) and polarization resistance (Rp), and the obtained results are implemented in the discussion of the biological aspects involved.
Materials and methods
Disk samples of 16 mm diameter were cut from a rod of Ni 50.8 Ti 49.2 alloy (Memry Corporation, USA) using electro-discharge machining, and the damaged surface layers were eliminated using chemical etching. Samples original surface state. Further discs were either chemically etched (Ce) again in 1HF + 4 HNO 3 aqueous solution or electropolished (Ep) and then also boiled in distilled water (hereafter called as CeWb, and EpWb, respectively), or treated in hydrogen peroxide. A heat treatment (Ht), mimicking shape setting, was performed in air at 520 o C for 20 min for Mp, Ce and CeWb samples, which are further referred to as MpHt, CeHt and CeWbHt, respectively. For comparison, certain measurements were also performed on superelastic wires of a 0.75 mm diameter (EUROFLEX GmbH and Fort Wayne Metals, IN, USA) treated in a manner similar to the disks.
The electrochemical studies were carried out in a 0.9 NaCl solution at room temperature using a PAR 273A potentiostat and a three electrode configuration (working electrode, counter graphite and reference Ag/AgCl electrodes). In the present paper, all the potentials are presented relative to the saturated calomel electrode (SCE). The solution was continuously purged with nitrogen during the measurements. The open circuit potential (OCP) and polarization resistance (Rp) were measured before cyclic potential polarization tests. The OCP data were monitored for one hour and the final value was accepted. The Rp values (M 2 ) were deduced from the slope of the curve of potential versus current density, recorded in the range of potentials from 20 mV below to 20 mV above OCP that was preliminarily defined. Each data point for OCP and Rp presents an average of the measurements of at least three samples. The potentiodynamic (PD) potential polarization was carried out at a sweeping rate of 0.167 mV/min beginning from 600 mV to potentials above m 2 .
Results

Cyclic potential polarization
The surfaces prepared on disc samples showed consistent corrosion behavior, with the exception of the Mp and MpHt surfaces. Representative curves for potentiodynamic cyclic potential polarization of Mp (1), Ce (2), Ep (3) and CeWbHt (4) samples are shown in Fig. 1  V) and a minimal hysteresis, if any, on the reverse scans. The increase in currents at higher potentials is not due to corrosion, but possibly because of the oxygen evolution reaction. The reverse scans proceeded at current densities lower than those during direct scans, as demonstrated on the example of Ht samples in Fig. 1 . There was a slight difference among the samples in the corrosion potentials that ranged from -450 mV to -300 mV. A more distinct feature was the variation of the current density in the region of passive behavior, in the plateau of the current density. Thus in case of Ce samples, a perfect plateau was observed up to about 1.2V (curve 2). For the Mp state, however, the current density showed a tendency to be slightly higher (curve 1), indicating a slightly higher material dissolution. After electropolishing, the current density was significantly reduced, but the passivity plateau became inclined (curve 3). It should be mentioned that from four Mp disks tested, three showed pitting at an average pitting potential of +430 mV due to crevices at the areas adjacent to the PTEE sample holders. The Ht samples exhibited almost two orders of magnitudes lower current density and current spikes that were interpreted as a tendency to form metastable pits. The performance of the MpHt samples was inferior to CeWbHt samples due to pitting at approx. 600-700 mV and crevices. Importantly, in the present study for the first time we revealed certain subtle differences in the corrosion behavior between Ce (or Ep) and additionally Wb samples. Boiling in water caused a slight (~100 mV) extension of the passivity region and significantly reduced currents at potentials above the corrosion potential, pointing to a drop in the anodic dissolution of the material. The PD curve for a Nitinol sample treated in hydrogen peroxide is situated between the curves for Ce and CeWb samples (Fig. 2, curve 2) . Obviously, boiling in water reduced the current density more effectively than hydrogen peroxide treatment. A similar effect, although less pronounced, was also observed after boiling in water of the electropolished samples (not shown). An evaluation of the corrosion currents from the cyclic potential polarization curves presented above showed that they did not exceed 10 nA. After the corrosion studies, the surfaces were examined using SEM. No traces of localized corrosion were identified on the surfaces of the samples, whose polarization scans are shown in Fig. 1  and 2 , but single pits that could also be seen with unarmed eyes were observed on the surfaces of Mp and Ht samples (Fig. 3) . 
Open circuit potentials and polarization resistance
The results of the evaluation of polarization resistance and open circuit potential for Nitinol surfaces of disk samples are presented in Fig. 4 . For comparison, the data for certain Nitinol wire samples and data from the literature [4] are also included. It can be seen that the OCP for Nitinol surfaces varied in a wide range from as low as -440 mV for the Ep to as high as -55 mV for the CeHt samples. The Rp also varied dramatically, from as low as 10 It can also be seen that there is a linear dependence between Rp and OCP, at least for the samples from the second group. The results obtained for the treated wire samples also could be fitted by the same curve. One data point, however, for a wire with an original black oxide does not belong to either of the two groups defined above. This wire with a thick black oxide studied earlier [5] has a nobler OCP, but a relatively low Rp pointing at a higher corrosion rate associated with oxide defectiveness. Another important observation is that the surfaces of disc and wire samples treated in hydrogen peroxide showed a great difference in the OCP. It is interesting that the OCP versus Rp dependence for other materials [4] such as Zr-Nb, Ti alloys, stainless steels and carbon steels plotted in Fig. 4 also exhibits a linear behavior. These latter surfaces showed Rp values in the range defined for the first group of Nitinol samples with less passive surfaces.
Discussion
Based on the present study it can be concluded that Nitinol corrosion behavior is quite predictable as opposed to the conclusion reached in Ref. 6 . Most of the prepared surfaces are highly resistant also to localized corrosion, a major concern in medical applications. The polarization resistance, inversely proportional to the corrosion rate, reflects the degree of protection of the passive surface layers. The great variation in Rp values among the studied Nitinol surfaces from 10 5 cm 2 to 10 7 cm 2 ( Fig. 4) points at a corresponding variability in the corrosion rates.
per year [7, 8] ). The very high Rp values of up to 10 7 x cm 2 exceed significantly those reported for commercial titanium and Ti based medical alloys, which are in the interval of 10 5 -10 6 cm 2 ( Fig. 4 and Ref. 9), implying a higher resistance of the prepared Nitinol surfaces to general corrosion. The highest corrosion rates among Nitinol surfaces should be expected from Mp surfaces and the lowest from EpWb, CeWb and CeWbHt. This correlates well with the fact that the Ni release (Table 1) is maximal in the first group of the surfaces (Mp, Ce, Ep) identified in the present study and minimal in the case of the surfaces that were additionally boiled in water (CeWb) or heat treated (CeWbHt).
The release of a certain amount of Ni from Nitinol surfaces is inevitable in corrosive solutions. From the comparison of the results for Ni release presented in Table 1 with Ni content in drinking water (20 ng/ml [10] ), or in the medium for cell growth (61 ng/ml [11] ), it may be concluded that the Ni release we are dealing with is in a subtoxic range of Ni concentrations. Nevertheless, this non-significant Ni release can play an important role, especially during the first hours of implantation of cardiovascular stents. As a result of the discharge of positive Ni ions from Nitinol surfaces in biological solutions, a negatively charged interface develops. The presence of a small negative surface charge would repel the negatively charged blood components preventing stent occlusion on the initial stage of implantation. The negative charge acquired in the solutions used for surface treatments is maintained if the surface is not exposed to further treatments resulting in the further growth of the oxide layer. *These data were obtained on the ground surfaces 600 grit-finish. Sample designations are provided in section 2.
The numbers in the parenthesis correspond to the standard deviations.
An additional relevant observation from the present study is that the current densities in the passivity region of the studied Nitinol surfaces were extremely 2 . These currents are 10 to 100 times lower than those required for actually producing occlusions of the blood vessels, i.e., 5- ]. Another important consideration relevant to the blood compatibility of Nitinol is concerning the adsorption of fibrinogen, plasma protein associated with activation of platelets and thrombosis. The results of our earlier studies [11, 12] indicated that fibrinogen adsorption increased gradually from 130-160 ng/cm 2 to 300 ng/cm 2 with the Ti concentration on Nitinol surfaces. This correlated with the tendency of the OCP to become nobler. Because the OCP is primarily charge related [13] , the observed linear dependence in fibrinogen adsorption was assigned to an alteration of surface charge, although the mechanism behind it was not clear. From the analysis presented here it follows that less noble OCPs (Mp, Ce, Ep) and a higher negative surface charge may be due to a discharge of a higher amount of Ni ++ ions into the corrosive solution. This charge seems to be in control of the adsorption of negatively charged fibrinogen molecules to Nitinol surfaces. Higher Rp values, implying lower corrosion rates and Ni ++ ion discharge, correspond to higher fibrinogen adsorption, as follows from Table 1 .
The whole spectrum of platelet morphological shapes from round to spread-dendritic, fully spread and 3D aggregation in thrombi observed on various Nitinol surfaces [11, 12] , and also the significant differences in the number of adhered platelets [14] imply a significant variability in thrombogenicity, in agreement with the results on fibrinogen adsorption. The variable thrombogenicity that can be controlled through a surface preparation is an advantage of Nitinol that makes it suitable for diverse medical applications, from nonthrombogenic implant devices, such as vascular stents to those that require high thrombogenicity such as occlusion devices. It is appropriate to mention also that the cytokines and intracellular signaling from the activated platelets not only play an important role in early wound healing, but also guide the migration of osteogenic cells towards the implant surface, thus improving osseointegration [15] . A similar mechanism would be in place for the identified Nitinol surfaces with higher thrombogenic potentials.
